Introduction: Critically ill immunocompromised (CIIC) patients with pulmonary infection are a population at high risk for invasive pulmonary aspergillosis (IPA). The host defenses are important factors to consider in determining the risk and outcome of infection. Quantification of changes in the status of host immunity could be valuable for clinical diagnosis and outcome prediction.
Introduction
The number of community and hospitalized patients with compromised host defenses has increased dramatically in recent years. This increase is due mainly to the significant progress in transplantation procedures, the rapid development of cancer chemotherapy and immunotherapy and the broader use of corticosteroids. A significant number of immunocompromised patients who develop serious complications related to treatment toxicity and immunological dysregulation need to be transferred to the ICU for advanced supportive care [1] . Pulmonary complications are the most common cause of ICU admission in critically ill immunocompromised (CIIC) patients, and these are associated with high mortality rates of 30% to 90% [2] . Severe infection has been estimated to be another major cause of ICU admission and usually presents with pulmonary lesions coupled with respiratory dysfunction and radiographic infiltrates. Furthermore, a variety of opportunistic infections, including invasive pulmonary aspergillosis (IPA), cytomegalovirus (CMV) and Pneumocystis carinii pneumonia (PCP) are increasingly being identified as the main causes of pulmonary infections in CIIC patients.
Aspergillus has become a leading cause of severe fungal infections in CIIC patients [3] . The prevalence of IPA has been rising and currently ranges between 2% and 26%. The lung is the primary site of Aspergillus infection, and IPA has a high mortality rate of 74% to 92% [4] . Early diagnosis and effective antifungal therapy are important in decreasing the mortality associated with IPA. However, the superimposition of the compromised host defenses and critical illness, including atypical clinical presentation, poor diagnostic yield of cultures and especially the difficulty in obtaining samples of infected tissues, make the detection and management of IPA in CIIC patients difficult. Late diagnosis and antifungal therapy are associated with severe morbidity and a high mortality rate.
Aspergillus-related diseases are associated with a spectrum of immune disorders. Impaired host immunity predisposes patients with these diseases to infection with some specific pathogens that are associated with immunocompromise [5] . Even certain easily measurable real-time indicators, such as absolute neutrophil count and T-lymphocyte count, could provide important information regarding risk level and probable pathogens in immunocompromised patients. Therefore, we conducted this prospective study in CIIC patients with pulmonary infection to assess the discriminatory ability of key immunological parameters in predicting risk and prognosis in cases of IPA.
Materials and methods

Study population
All critically ill patients (age 14 years or older) with appropriate immunocompromised host factors and respiratory dysfunction for suspected or documented pulmonary infection admitted to the general ICU of the Peking Union Medical College Hospital (PUMCH) between October 2009 and December 2011 were prospectively and consecutively included in this study. PUMCH is a 2,000-bed university hospital with more than 400 immunology, hematology and oncology beds. The study was approved by the Ethics Committee of PUMCH, and written informed consent was obtained from the patients or their families.
Inclusion criteria
Patients included in the study were age 14 years of age or older, had appropriate immunocompromised host factors and required intensive care for respiratory dysfunction combined with suspected or documented pulmonary infection. According to the 2008 European Organization of the Research and Treatment of Cancer/Mycoses Study Group (EORTC-MSG) consensus definitions [6] , immunocompromised host factors included (1) receipt of a solid organ or hematopoietic stem cell transplant; (2) hereditary immunodeficiency, tumor, hematological malignancy and connective tissue disorders; and (3) receipt of immunosuppressive agents, for example, corticosteroids or T-cell immunosuppressants such as calcineurin inhibitors, anti-tumor necrosis factor α agents, antilymphocyte antibodies or purine analogues.
Diagnosis of pulmonary infection was defined as the presence of a new or progressive radiographic infiltrate plus at least two of the following [7] : (1) cough, purulent sputum or auscultatory findings of pulmonary consolidation; (2) dyspnea, tachypnea or hypoxemia; and (3) identification of pathogens isolated from cultures of the respiratory tract, sputum or blood samples. In addition, patients with pulmonary infection had to have two or more of the following clinical features [8] : (1) body temperature 38°C or higher or less than 36°C, (2) respiratory rate 30 or more breaths/min, (3) pulse rate 120 or more beats/min and (4) abnormal total peripheral white blood cell counts greater than 10,000/mm 3 or less than 4,000/mm 3 or immature neutrophils less than 15%.
IPA was diagnosed on the basis of clinical, microbiological, radiological and histopathological criteria. Two independent senior radiologists who were blinded to clinical diagnosis reviewed all high-resolution computed tomography (CT) scans in shifts. On the basis of the 2008 EORTC-MSG consensus definitions, the presence of one of the following three signs on CT scans was considered to be suggestive of invasive aspergillosis: a wellcircumscribed dense lesion (with or without a halo sign), an air crescent sign and a cavity. Because of the inherent uncertainty of the EORTC-MSG "probable" and "possible" classification terms in capturing true-positive IPA, in this study proven and probable IPA were considered to be true-positive IPA and possible IPA and no IPA were defined as true-negative cases.
Regarding the culture-independent serum antigen detection tests, the (1,3)-β-D-glucan (BG) assay was not included in the routine confirmation of IPA diagnosis, because a previous validation study in our unit indicated an unexpectedly low specificity. The galactomannan (GM) index also was not included in the diagnostic workup for unapproved conditions. Owing to the strong influence of traditional cultures and potentially devastating complications of autopsy and biopsy, the latter are still not widely accepted by most Chinese people.
Exclusion criteria
Exclusion criteria included one or more of the following: pregnancy or lactation, lack of proper immunocompromised host factors and insufficient evidence of pulmonary infection.
Clinical and laboratory evaluation Clinical assessments
All patients underwent a comprehensive clinical assessment at the time of ICU admission, including age, sex and underlying diseases associated with the development of IPA in critically ill patients [9] , antifungal treatment at least 48 hours previously and important biological parameters (levels of creatinine, albumin and blood glucose) at ICU admission. Immunocompromised host factors were divided into "underlying immunocompromised disease" and "receipt of immunosuppressive agents." Acute Physiology and Chronic Health Evaluation II (APACHE II) [10] and Sequential Organ Failure Assessment (SOFA) [11] scores were computed on the first day following ICU admission. Organ failure was defined as a SOFA score of 3 or higher [12] . Life-sustaining treatments (need for mechanical ventilation (MV), vasopressors or renal replacement therapy) for 24 hours or longer were recorded based on clinical evaluation and recent recommendations [13] . Treatment-related factors, including the proportion of indwelling catheters, antibiotic treatment, steroid treatment, use of intravenous immunoglobulin and other clinically indicated investigations (for example, CT scan) were analyzed. Outcome analyses included survival evaluation, which was defined as the percentage of patients discharged alive from the ICU and from the hospital. Follow-up included 28-, 60-and 90-day mortality rates and was censored on 30 March 2012.
Microbiological diagnostics
All infections in this study were microbiologically documented and defined as fever with positive microbiological tests from a focus on infection and/or blood culture [14] , and empirical antibacterial treatment was promptly initiated according to international recommendations [15] .
Modifications of antibacterial therapy and addition of antifungal therapy were based on clinical course (persistent fever for longer than 72 hours and site of infection) and the results of the diagnostic procedures.
Chest CT images were demanded within 3 days of enrollment. Lower respiratory tract specimens were obtained three times weekly following ICU admission for at least 2 weeks. Because of the difficulty of sputum collection from patients with severe respiratory distress and progressive hypoxemia outside the ICU, almost all of the specimens of CIIC patients included in this study were collected in the ICU. Culture procedures were performed immediately after patient transfer to the ICU, and specimens were collected and sent to the PUMCH clinical microbiology laboratory within 2 to 4 hours. According to the Standard Sample Dispatching Procedure of the Department of Clinical Microbiology Laboratory in PUMCH, standard culture of respiratory secretion was defined as containing more than 25 neutrophils and less than 10 squamous epithelial cells per low-power field (×100 magnification). Quantitative culture by a quantitative or semiquantitative method is used to distinguish colonization from respiratory infection. Identification and sensitivity data were usually available within 48 to 72 hours. Gram staining, including the presence of polymorphonuclear leukocytes (PMNLs), macrophages and morphology of any bacteria, may improve diagnostic accuracy when correlated with culture results. The respiratory specimens were also screened for PCP, CMV and tuberculosis. The initial diagnostic workup included blood and urine cultures to confirm coinfection foci [16] . Serological studies were requested to rule out other atypical pneumonia pathogens (for example, anti-Mycoplasma and anti-Legionella antibodies). The followup included daily physical examinations and any other clinically indicated investigations (for example, CT scans). The results of the relevant lower respiratory tract cultures, CT scans and other etiological tests within the week prior to ICU admission were also considered in making the diagnosis of IPA.
Tracheobronchial aspirates (TBAs) were commonly used for the diagnosis of pulmonary infection in our hospital because of the limited availability of bronchoalveolar lavage (BAL)/protected specimen brush (PSB). TBAs have been defined as a reliable diagnostic strategy in the 2005 American Thoracic Society (ATS) guidelines on hospital-acquired pneumonia (HAP), the 2008 EORTC/MSG criteria on IPA and the 2009 European perspective on HAP [17] . The accuracy of TBAs for obtaining quantitative cultures of lower respiratory tract samples is comparable to that of bronchoscopic techniques [18] . Therefore, both noninvasive TBA and invasive diagnostic strategies such as BAL, PSB or its modifications could be used to provide lower respiratory tract specimens for diagnosis of HAP.
Patients were evaluated routinely at the time of ICU admission and during the first 3 days for acute noninfectious conditions that might be related to the respiratory dysfunction that required intensive care, based on clinical presentation. If a patient had respiratory dysfunction caused by noninfectious conditions, the patient was excluded from the study.
Immunological laboratory workup
Blood was collected from each CIIC patient with IPA on days 1, 3 and 10 (D1, D3 and D10) following ICU admission. Peripheral blood mononuclear cells (PBMCs) were separated and stained with combinations of different fluorescent monoclonal antibodies followed by flow cytometric analysis (three-color EPICS-XL flow cytometer; Beckman Coulter, Brea, CA, USA) to detect T cells (CD3 + ), CD4 + T-cell subgroups (CD4 + CD3 + , CD28 + CD4 + ), CD8 + T-cell subgroups (CD8 + CD3 + , CD28 + CD8 + ), B cells (CD19 + ) and natural killer (NK) cells (CD3 -CD16 + CD56 + ). Serum levels of complement factor 3 (C3), complement factor 4 (C4), immunoglobulin A (IgA), IgG and IgM were measured by rate nephelometry (Array 360; Beckman Coulter).
The above key data were obtained and verified by PUMCH laboratories. Monitoring was conducted by an independent clinical research organization according to good clinical practice (GCP) and standard operating procedures in compliance with Chinese government regulations [19] .
Statistical analysis
Quantitative variables with normal distribution were expressed as the mean ± standard deviation (SD), and quantitative variables with non-normal distribution were expressed as the median and interquartile range (IQR). Categorical variables were compared using the χ 2 test or Fisher's exact test as appropriate. Continuous variables were compared using Student's t-test or the Mann-Whitney U test. P values associated with "equal variances not assumed" were reported for variables that violated the homogeneity of variance assumption. Univariate and multivariate logistic regression analyses were performed to identify the immune parameters for prediction of IPA in CIIC patients, and the results were expressed as Wald index, P value and odds ratio (OR) with 95% confidence intervals (CIs). Variables that showed P < 0.05 in univariate analysis were included in the multivariate regression analysis model, and principal component analysis (PCA) was applied to adjust for the possible multicollinearity among independent variables (immune parameters measured on D1, D3 and D10).
The discriminatory ability of immune parameters for predicting 28-day mortality in CIIC patients with IPA were determined by ROC curve analysis. The reliabilities and consistencies of diagnostic tests were assessed by calculating their sensitivity, specificity, positive predictive value and negative predictive value. Kaplan-Meier survival analysis was used to construct survival curves, and comparisons of survival distributions were based on the logrank test. Data processing was performed using SPSS version 13.0 software (SPSS, Chicago, IL, USA). All statistical tests were two-sided, and P < 0.05 was considered significant.
Results
Patients' characteristics
As reported in Figure 1 , 233 CIIC patients with respiratory dysfunction caused by suspected or documented pulmonary infection were admitted to the ICU during the study period, including 71 who were excluded for noninfectious conditions. Among the remaining 162 CIIC patients, 8 were pregnant and 4 were lost to follow-up. In the end, 150 patients formed the basis of this study.
The main characteristics of study patients at ICU admission are shown in Table 1 . On the basis of clinical, radiological, and microbiological evidence as defined by the 2008 EORTC-MSG consensus definitions, probable IPA was diagnosed in 62 patients (IPA group). No patient with proven IPA was diagnosed because of the preclusion of tissue biopsy and/or autopsy. Of the 150 CIIC patients, resource, hospital length of stay (HLOS) before ICU admission, and frequency of underlying diseases such as chronic obstructive pulmonary disease (COPD), diabetes mellitus, liver cirrhosis/hepatic failure, and chronic renal failure, which have been described in association with development of IPA in critically ill patients, did not differ between the IPA and non-IPA groups. Compared with the non-IPA Figure 1 Diagram of study flow. group, no difference was found in most of the host factors except the proportions of patients diagnosed with microscopic polyangitis (MPA) (16.1% vs. 5.7%, p = 0.035) and the median total dose of steroid treatment [600.0 (720.0) mg vs. 480.0 (1000.0) mg, p = 0.023] being higher in the IPA group. We found no significant differences in the biological parameters, APACHE II score, and SOFA score at ICU admission between the patients with and without IPA.
The clinical characteristics of the 150 CIIC patients are presented in Table 2 . During the study period, the need for MV (78.4% vs 91.9%; P = 0.036) and vasopressors (75.0% vs 90.3%; P = 0.020) was significantly more frequent in the IPA group. No significant difference was found with regard to antibiotic, steroid and intravenous immunoglobulin therapy or to the proportion of patients with indwelling catheters between the IPA and non-IPA groups. The ICU mortality rate (56.5% vs 33.0%; P = 0.005), hospital mortality rate (66.1% vs 42.0%; P = 0.005), 28day mortality (61.3% vs 38.6%; P = 0.008), 60-day mortality (64.5% vs 45.5%; P = 0.03) and 90-day mortality (80.6% vs 52.3%; P < 0.001) were all significantly higher in the IPA group than in the non-IPA group. There was no difference found between the two groups regarding the median ICU duration and hospital duration.
The lungs were the most common source of infection, followed by the bloodstream (Table 3 ). Chest CT scans of 150 CIIC patients were defined as "positive," "specific" or "negative" on the basis of the 2005 ATS guidelines and the 2008 EORTC-MSG consensus definitions by two independent senior radiologists, respectively, including 85 reviewed by one and 65 reviewed by the other. Compared with the actual number of IPA patients diagnosed on the basis of the 2008 EORTC-MSG consensus criteria (the standard method), the diagnostic efficiency of two radiologists was 0.71 (95% CI 0.68 to 0.73) and 0.69 (95% CI 0.66 to 0.73), with Cohen's κ values of 0.339 and 0.338, respectively. Compared with the non-IPA group, higher proportions of patients had positive (85.5% vs 53.4%; P < 0.001) and specific (41.9% vs 10.2%; P < 0.001) chest CT findings in the IPA group. Important laboratory and microbiological parameters at the time of ICU admission, including Clinical Pulmonary Infection Score (CPIS) [20] , procalcitonin (PCT) level, BG level, C-reactive protein (CRP) level and coexisting pathogens, did not differ between the two groups ( Table 3) .
During the study period, we obtained 79 isolates of Aspergillus spp. from 62 CIIC patients. Of these isolates, 35 (44.3%) were Aspergillus fumigates, 18 (22.8%) were Aspergillus flavus and 11 (13.9%) were Aspergillus niger. Among the 62 CIIC patients, a single Aspergillus spp. isolate was found in 23 patients (37.1%) and two or more isolates were found in 10 patients (16.1%). Candida spp. isolates were present in 20 (32.3%) of the 62 patients, and other mold isolates were found in 25 patients (40.3%). 
Comparison of immune parameters by invasive pulmonary aspergillosis diagnosis
B-cell counts (D1: p = 0.048, D3: p = 0.043), CD3 + T-cell counts (D1: p = 0.018, D3: p = 0.001, and D10: p = 0.001, respectively), CD8 + T-cell counts (D1: p = 0.002, D3: p < 0.001, and D10: p < 0.001, respectively), CD28 + CD4 + T-cell counts (D1: p = 0.028, D3: p = 0.049, and D10: p = 0.022, respectively), and CD28 + CD8 + T-cell counts (D1: p = 0.003, D3: p < 0.001, and D10: p < 0.001, respectively) were significantly lower in the IPA than the non-IPA group. No significant differences were found in other immune parameters between the groups, including white blood cell (WBC) count, neutrophil granulocyte (NG) count, complement factors, and immunoglobulins (Table 4 ).
To identify the prediction of IPA in CIIC patients, we applied multivariate logistic regression analysis for the parameters that demonstrated a P value less than 0.05 in the univariate analysis. With respect to comparison of pre-ICU variables, clinical and microbiological variables and immune parameters, 13 included in univariate logistic regression analysis showed significance for prediction of IPA in CIIC patients: older patients (P = 0.01), patients who needed MV (P = 0.016) or vasopressor infusion (P = 0.032), patients with positive or specific chest CT findings (P < 0.001, respectively), lower levels of CD3 + T-cell counts (D3: P = 0.042, D10: P = 0.003), CD8 + T-cell counts (D1: P = 0.007, D3: P < 0.001, and D10: P < 0.001, respectively) and CD28 + CD8 + T-cell counts (D1: P = 0.007, D3: P < 0.001, and D10: P = 0.002, respectively). Multivariate logistic regression analysis (Table 5 ) identified four independent predictors for the presence of an IPA diagnosis in CIIC patients: CD8 + T-cell counts (D3 and D10) (odds ratio (OR) 0.34, 95% confidence interval (CI) 0.23 to 0.46; OR 0.68; 95% CI 0.56 to 0.80), CD28 + CD8 + T-cell counts (D3) (OR 0.73, 95% CI 0.61 to 0.86) and CD3 + T-cell counts (D10) (OR 0.81, 95% CI 0.63 to 0.98). Table 6 shows in detail the values of standard error, Wald's coefficient, OR along with 95% CI, and the level of statistical significance. PCA was applied to adjust for the possible multicollinearity among immune parameters measured on D1, D3 and D10. According to the results of Kaiser-Meyer-Olkin (KMO) and Bartlett's Test of Sphericity (KMO P < 0.5 and Bartlett's Test of Sphericity P > 0.05), the immune parameters included in our regression model have no significant multicollinearity and will not cause overadjustment of IPA in CIIC patients.
Comparison of immune parameters in survivors and nonsurvivors
The patients with IPA were divided into survivors and nonsurvivors according to 28-day mortality. Compared with the nonsurvivors, the following were significantly higher in survivors and exhibited a progressive increase from D1 to D10: NK cell counts (D3: P = 0.004, D10: P = 0.019), CD3 + T-cell counts (D1: P = 0.049, D3: P = 0.011 and D10: P = 0.006, respectively), CD28 + CD4 + T-cell counts (D3: P = 0.015 and D10: P = 0.04), CD8 + T-cell counts (D1: P < 0.001, D3: P < 0.001 and D10: P = 0.001, respectively) and CD28 + CD8 + T-cell counts (D1: P < 0.001, D3: P = 0.001 and D10: P < 0.001, respectively). Beyond that, no differences between survivors and nonsurvivors were found in other immune parameters studied (Table 6) .
To assess the discrimination of prognosis, we applied ROC analysis with the immune parameters that differed significantly between survivors and nonsurvivors in CIIC patients with IPA according to 28-day mortality ( Table 7) . The CD8 + and CD28 + CD8 + T-cell counts had greater discriminatory ability than the other immune parameters to predict 28-day mortality in CIIC patients with IPA, with area under the curve (AUC) values shown in Figure 2 : CD8 + T-cell counts for D1 (AUC 0.82, 95% CI 0.71 to 0.92; P < 0.001), D3 (AUC 0.94, 95% CI 0.87 to 0.99; P < 0.001) and D10 (AUC 0.94, 95% CI 0.85 to 0.99; P < 0.001); and CD28 + CD8 + T-cell counts for D1 (AUC 0.84, 95% CI 0.75 to 0.94; P < 0.001), D3 (AUC 0.92, 95% CI 0.85 to 0.99; P < 0.001) and D10 (AUC 0.90, 95% CI 0.79 to 0.99; P < 0.001). The cutoff values of CD8 + and CD28 + CD8 + T-cell counts at ICU admission to predict 28-day mortality were 149.5 and 75 cells/mm 3 , with sensitivities of 84% and 87% and specificities of 71% and 67%, respectively. The optimal cutoff values of CD8 + and CD28 + CD8 + T-cell counts on D10 had sensitivities of 94% and 81% and specificities of 96% and 92%, respectively, for predicting 28-day mortality ( Table 8 ). Analysis of Kaplan-Meier survival curves provided evidence that a CD8 + T-cell count less than 149.5 cells/mm 3 (logrank test; P < 0.001) and a CD28 + CD8 + T-cell count <75 cells/mm 3 (logrank test; P < 0.001) at ICU admission were associated with lower survival probabilities in CIIC patients with IPA ( Figure 3A and 3B) . On the contrary, the same cutoff values of CD8 + (logrank test; P = 0.075) and CD28 + CD8 + T-cell counts (logrank test; P = 0.361) stated above had nothing to do with the survival probabilities in CIIC patients without IPA ( Figure 3C and 3D ).
Discussion
To the best of our knowledge, this is the first cohort study to evaluate the quantitative changes in host immune status in CIIC patients with pulmonary infection and the potential role of these changes in the generation and prognosis of IPA. Our results confirm the recent improvements in understanding the potential role of host immunity in the development of opportunistic infection and provide evidence that assessment of the systemic levels of several key immune parameters in CIIC patients could be valuable for early diagnosis and outcome prediction in patients with IPA.
Over the past two decades, IPA has been known as an important cause of morbidity and mortality only in patients with compromised host defenses. During that time, people have realized that the susceptibility of critically ill patients is due to increased incidence of IPA. Unlike patients who are simply immunocompromised, the immune responses of CIIC patients are closely associated with and greatly influenced by the infectious etiologies of critical illness [21] . Therefore, the immune status of CIIC patients with IPA is dictated by the interaction between pathogen and host and should have prognostic value in this condition. In the present study, we monitored levels of lymphocyte subpopulations (T, B and NK cells), complement factors C3 and C4 and immunoglobulins IgA, IgG and IgM in 150 CIIC patients with or without IPA at three times during the ICU stay and showed that differences in the systemic levels of key immune parameters could influence their clinical outcome. We believe that our measurement of these parameters as the first comprehensive assessment of the immune status in CIIC patients with pulmonary infection is the first attempt to predict risk and outcome of IPA from the point of view of immune susceptibility.
In the present study, we found that CD8 + and CD28 + CD8 + T-cell counts were significantly lower in both survivors and nonsurvivors among CIIC patients with or without IPA, and they were independent predictors for higher risk of IPA. This result is in accord with the outcome analyses depending on the 28-day mortality and provides new evidence supporting the critical roles of CD8 + T cells in the immune responses to fungal infection. As we know, fungal infections are associated with impaired cell-mediated immunity [22] . Previous studies have shown that CD4 + T-cell responses are critical for protection from invasive fungal infections (IFIs), whereas CD8 + T cells have not been examined. Recent studies have focused on discovery and validation of immune mechanisms against IFIs, which have demonstrated the protective roles of CD8 + T cells during fungal infections, including production of the signature cytokine interferon γ (IFN-γ) [23] , release of the antimicrobial peptides [24] and lysis of fungus-containing phagocytes [25] . In addition, CD8 + T cells can protect mice from Cryptococcus neoformans infection in the absence of CD4 + T cells [26] , and the expansion of cytotoxic, class I-restricted, A. fumigatus-specific CD8 + T-cell clones from human peripheral blood has also suggested that CD8 + T cells contribute to cell-mediated defense [27] . The CD28 molecule is known to be the most important second signal receptor for T lymphocytes. CD28 costimulation has been implicated in a wide array of T-cell responses, including T-cell proliferation, antigen-stimulated differentiation, activation and cytokine production [28] . The expression levels of CD28 molecules on the surface of T lymphocytes have been reported to be greatly decreased in severely infected patients [29] , and reduced expression of CD28 is thought to be an individual risk factor for the increased mortality of infected patients. In addition, the requirement for CD28 costimulation has been found to differ between CD4 + and CD8 + T-cell populations and appears to depend on antigen presentation [30] . Our study confirmed this observation by identifying CD28 costimulation in CD8 + cells, but not in CD4 + T cells, as independent predictors for higher risk and early mortality in patients with IPA. Although the interaction between significantly reduced CD8 + and CD28 + CD8 + T-cell counts and the emergence and progression of IPA in CIIC patients remains unclear, this close correlation provides new clues for the early diagnosis of IPA in CIIC patients. The role of NK cells in fungal infections is unclear and controversial. In our study, patients with IPA showed lower levels of NK and CD8 + T cells following ICU admission. Lower levels of NK cells were associated with increased 28-day mortality rates in CIIC patients with IPA. In accordance with our findings, recent advances in NK cell biology have revealed that NK cells exert sophisticated biological functions, participating with antigenpresenting and T cells in the cellular response against pathogens [31] , and perforin has recently been reported to be a major mediator of NK cell activity against A. fumigatus hyphae [32] . These results highlight the protective effect of NK cells in their interactions with A. fumigatus, prompting further investigations concerning the antifungal activity of NK cells. The specific biological activities of the complement system that contribute to host resistance are multifaceted and interdependent [33] . There were no differences in the kinetic patterns of complement factors or immunoglobulins between survivors and nonsurvivors among CIIC patients with IPA, which is consistent with previous studies. A better understanding of the diverse biological activities and their governing mechanisms will be indispensable to determining the predictive potential of this cell variable.
Despite significant advances in the prevention, diagnosis and treatment of infection in CIIC patients, it remains a major cause of morbidity, increased hospital length of stay and increased total costs. The significantly higher ICU mortality rates among these patients are caused in part by the higher incidence of infection. Although there is a rapidly increasing evidence base in intensive care medicine, CIIC patients have been excluded in most interventional trials for the management of severe sepsis (activated protein C, adjunctive corticosteroids, goal-directed resuscitation), acute lung injury and failure of other organs [34] [35] [36] . Most previous clinical studies of CIIC patients with IPA have been retrospective analyses [6] with the common limits of low case numbers, long time periods and inevitably missing data, which are expected, given the patient population and the specificity of the disease itself. A total of 150 critically ill patients with appropriate immunocompromised host factors and documented pulmonary infection were prospectively and consecutively included in our study. MV and vasopressors were required in more than 90% of the patients, which is higher than in previous studies. No patient was transferred to the ICU for postoperative monitoring. All these characteristics are fully representative of the clinical presentation of CIIC patients with IPA. Unlike other studies, however, 112 (74.7%) of our cases had an underlying disease of the immune system and 101 (65.3%) were treated with glucocorticoids, which may have been prescribed because they are the first-choice drug for the treatment of immune system diseases. In the present study, we found that the dose of steroids and the proportions of positive and specific chest CT findings were significantly higher in patients with IPA than in those without it. As suggested previously [37] , the sensitivity and specificity of chest CT images in the diagnosis of IPA have been variable and seemingly affected by a multitude of factors, including evolution of clinical practices and changes in the high-risk patient populations. Animal models have shown that different forms of immunosuppressant-induced IPA have completely different histopathological features [38] . Diffuse and extensive consolidation and inflammation in glucocorticoid-induced IPA may partially explain the higher value of chest CT images in diagnosis of IPA in the present study.
Some limitations of our study must be acknowledged. First, owing to the influence of traditional cultures and the potentially devastating complications, autopsy and tissue biopsy were greatly limited in this study, leading to the absence of proven IPA and the subsequent influence on the evaluation. However, this study does to some extent reflect the actual clinical settings in the vast majority of developing countries, and a practicable solution is needed to resolve the problem. Second, two serological markers, GM index and BG, were not routinely monitored in this study, a factor which needs to be improved in future research. Third, TBAs are commonly used for the diagnosis of pulmonary infection because of the limited availability of BAL or PSB in our hospital, which might put the accuracy of IPA diagnosis into question. Actually, in the immunocompromised host, except in some special groups of patients (for example, after lung transplantation), cultures of Aspergillus in respiratory secretions are usually indicative of invasive disease with positive predictive value as high as 80% to 90% [39] . Moreover, direct microscopic examination of sputum could be helpful to improve the sensitivity of cultures in the diagnosis of IPA [40] .
Conclusion
The immune status of CIIC patients with IPA is dictated by the interaction between pathogen and host could be valuable for clinical diagnosis and outcome prediction. Our investigation suggests that CD8 + and CD28 + CD8 + T-cell counts are significantly lower in CIIC patients with IPA than in non-IPA patients and are independent predictors for higher risk of IPA. Lower CD8 + and CD28 + CD8 + T-cell counts in CIIC patients with IPA are associated with early mortality in IPA and may be valuable for outcome prediction.
Key messages
Identifying quantitative changes of key cellular and humoral parameters in CIIC patients could be valuable for early diagnosis and outcome prediction in cases of IPA. CD8 + and CD28 + CD8 + T-cell counts were significantly lower in CIIC patients with IPA than in non-IPA patients and were independent predictors for higher risk of IPA. Lower CD8 + and CD28 + CD8 + T-cell counts in CIIC patients with IPA were associated with early mortality in IPA and may be valuable for outcome prediction. The predictive potential of CD8 + and CD28 + CD8 + T-cell counts in CIIC patients with IPA should prompt further investigations concerning the antifungal activities and the governing mechanisms of the cell variables.
